Recordings were made from white-beaked dolphins in Icelandic waters using a four-hydrophone array in a star configuration. The acoustic signals were amplified and sampled to a hard disk at a rate of 800 kHz per channel. The 3 and 10 dB beamwidths were calculated to be 8°and 10°, respectively, indicating a narrower transmission beam for white-beaked dolphins than that reported for bottlenose dolphins ͑Tursiops truncatus͒. The beamwidth was more similar to that found for belugas ͑Delphinapterus lucas͒. The measured beam pattern included large side lobes, perhaps due to the inclusion of off-axis clicks, even after applying several criteria to select only on-axis clicks. The directivity index was calculated to be 18 dB when using all data for angles from 0°-50°. The calculated sound radiation from a circular piston with a radius of 6 cm driven by a white-beaked dolphin click had a beam pattern very similar to the measured beam pattern for the main transmission lobe of the white-beaked dolphin. The directivity index was 29 dB. This is the first attempt to estimate the directionality index of dolphins in the field. ͓Work supported by the Oticon Foundation and the Danish National Research Council.͔
I. INTRODUCTION
Odontocetes use echolocation for prey detection and orientation. Echolocation is performed by emitting ultrasonic clicks in a narrow beam and listening for the returning echoes ͑Au, 1993͒. It is important to know the width of the transmitted beam to evaluate several aspects of the sonar system, such as the angular resolution and the transmitted power. The transmission beam can give information about the space ensonified by the dolphin for hunting or navigating. Clicks have been recorded in at least 21 odontocete species, but the beam pattern has only been estimated for eight species ͑Au, 1993; Au et al., 1999; Møhl et al., 2003͒ . Most of these recordings have been performed from animals in captivity; there are very few field measurements. Field studies are important as the echolocation behavior of the animals may differ significantly between wild and captive situations ͑Au, 1993͒. For example the frequency content of the signal can change and, therefore, also the transmission beam pattern. In addition, not all species of odontocetes can be kept in captivity, emphasizing the need to develop recording techniques for evaluating echolocation abilities of free-ranging animals ͑see Madsen, Kerr and Payne, 2004͒ . The beam pattern is described in detail from captive bottlenose dolphins, Tursiops truncatus ͑Evans et al., 1973; Au, 1980; Au et al., 1978 , the beluga whale, Delphinapterus leucas ͑Au et al., 1987͒, the false killer whale, Pseudorca crassidens ͑Au et al., 1995͒ and the harbor porpoise, Phocoena phocoena ͑Au et al., 1999͒. Only one field study is known to us where the directionality of odontocete signals was estimated ͑Møhl et al., 2003, sperm whales, Physeter macrocephalus͒. To determine the beam pattern, recordings on the acoustic axis of the whale must be compared with off-axis recordings. Therefore, both the distance to the whale and the orientation of the animal must be known. In field studies, clicks recorded on an array of hydrophones can be used for calculating the distance to the whale. The orientation must be known to within a few degrees, since the transmission beam pattern of odontocetes is from 6.5°to 16.5°wide ͑Au, 1993; Au et al., 1999͒ . Various approaches can be used to obtain the orientation. The whale can be tracked from successive acoustic locations obtained from a click sequence. This assumes that the acoustic axis of the animal is identical to its swimming direction. This is the case for the odontocetes investigated so far in the horizontal plane, whereas the vertical beam pattern is tilted by about 5°in relation to the swimming direction for the bottlenose dolphin and the beluga ͑Au, 1993͒. Other approaches, such as comparing the sound level at the different hydrophones in the array, or comparing the frequency content of the received signals have been used in previous studies ͑Au and Benoit-Bird, 2003; Au and Herzing a͒ Electronic mail: mhr@biology.sdu.dk Møhl et al., 2003; . All these criteria ͑acoustic tracking, sound level, and spectral content͒ have their limitations and all can include off-axis clicks in the analysis.
The aim of this study was to investigate whether it is possible to use field recordings to describe the beam pattern of clicks from white-beaked dolphins, Lagenorhynchus albirostris. White-beaked dolphin clicks resemble those of bottlenose dolphins. The source levels of the clicks are between 189-219 dB re 1 Pa ͑peak-to-peak, p-p͒ ͑Rasmus-sen et al., 2002͒. This is similar to what is found from other free-ranging dolphins ͑Au and Herzing, 2003; Au and Benoit-Bird, 2003͒ . The broadband white-beaked dolphin clicks have maximum frequency components around 120 kHz ͑Rasmussen and Miller, 2002͒, similar to the clicks of bottlenose dolphins. However, the white-beaked dolphin clicks have secondary frequency components between 200-250 kHz, which can be 6 -10 dB less than the maximum spectral components for on-axis clicks ͑Rasmussen and Miller, 2002, and Fig. 1 here͒. It is not known whether these secondary spectral components serve any function for the animal or if they are artifacts of the sound production system. Here we report that the main lobe of the estimated transmission beam of white-beaked dolphin clicks is narrower than that reported for bottlenose dolphins, possibly reflecting the broad bandwidth of white-beaked dolphin clicks.
II. MATERIAL AND METHODS
Clicks were recorded from white-beaked dolphins off the coast from Keflavik, Iceland ͑64°00.49ЈN, 22°33.37ЈW͒. Here groups of white-beaked dolphins gather in summer to forage and mate ͑Rasmussen, 1999; Rasmussen and Jakob- The acoustic centers of the three outer hydrophones of the array were either 0.5 or 1 m from that of the center hydrophone. An underwater video camera was mounted approximately 10 cm above the center hydrophone ͑Fig. 1͒.
A recording session started when the dolphins were close to the boat. After idling the engine, the hydrophone array was lowed about two meters below the surface. Video/ audio recordings were started and digitized on-line to a separate hard disk on a lunch-box computer using a video/audio card ͑Dazzle Inc.͒. A custom made click detector was connected to the center hydrophone for audio monitoring and recording on one of the audio channels of the video card. When dolphins were seen on a monitor or heard through the click detector, we started recording dolphin clicks from all four hydrophones simultaneously on line to two mirrored hard disks of the computer at a rate of 800 ksamples/s per channel ͑AD-Link, NuDAQ 20 MHz 4-channels, 12 bit͒ using a custom-written software program. For synchronizing video/audio signals and click recordings, a short beep sound was recorded on the second audio channel of the video card.
The data files were later separated into four files, one for each hydrophone, using a custom-made software program ͑''Sigpro,'' Simon Boel Pedersen, Copenhagen, Denmark͒ to check if clicks were recorded on all four hydrophones. Cool Edit Pro ͑version 2, Syntrillium Software͒ was used for ini- tial screening of the files. Files consisting of multiple animals clicking at the same time were excluded from further analyses. A program written in Matlab ͑6.1͒ was used for the calculations described below. The positions of the dolphins were calculated from the time of arrival differences between the center hydrophone and the peripheral hydrophones using same equations as those given in Au and Herzing ͑2003͒. Also, the angle between the line from the dolphin to each peripheral hydrophone and the line from the dolphin to the center hydrophone was calculated. The peak-to-peak ͑p-p͒ received sound pressure level of the click was compared with the values from a 250 Hz calibration tone at ϩ162 dB re 1 Pa rms ͑Brüel & Kjaer 4223 fitted with a custom-built adaptor for the Reson hydrophones͒. Source levels were then calculated, compensating for spherical spreading and sound absorption. The sound levels of clicks were estimated at various angles relative the dolphin's acoustic axis using the notation of the apparent source level ͑Møhl et al., 2000͒, and the directivity index of the clicks was estimated from an interpolated beam pattern. In addition, the centroid frequency ͑Au, 1993͒ of each click was calculated. Figure 1 shows an example of one on-axis click with the corresponding waveform and amplitude spectra on each of the four hydrophones. The centroid frequencies and source levels re 1 Pa ͑p-p͒ @ 1 m for each click are also shown in Fig. 1 .
The localization system was calibrated in open water using an underwater loudspeaker ͑Reson TC2130͒ connected to a Yamaha amplifier. Artificial dolphin clicks were generated using a Toshiba computer with a DSP board and a custom written program ͑Simon Boel Pedersen, Copenhagen, Denmark͒ and connected to the amplifier. The results of the calibration are shown in Fig. 2 for both the 0.5 and 1.0 m array. The error between the calculated range and the measured range increases with distance ͑Fig. 2͒. Linear regressions between the measured range and the acoustically calculated range for both the 0.5 m array (r 2 ϭ0.9952) and the 1 m array (r 2 ϭ0.9975) were high. However, the slopes of the measured range and the acoustically calculated range were significantly different from the slope of the line yϭx in Fig. 2 ͓two-sample t test; PϽ0.05, ͑Zar, 1996͔͒.
It is very difficult to determine if a click is an on-axis click from field recordings. In captive studies the animal's position is usually fixed with a bite plate; thus the orientation relative the receiver can be carefully monitored ͑Au, 1993͒. In field recordings from free-ranging animals the situation is much more problematic and an on-axis click may only be assumed from rather subjective criteria. In most studies only one criterion is used, and there is a great risk of including off-axis clicks in the database. In this study we used a series of criteria to establish a very conservative sorting routine ͑Table I͒. We tried to compare a conservative set of criteria ͑set A͒ with a less conservative one ͑set B͒. All six criteria in Table I must be fulfilled before we consider a click recorded at the center hydrophone to be on-axis for criteria set A. Only criteria 1, 2, and 6 had to be fulfilled for an on-axis click using criteria set B.
III. RESULTS
The dolphins approached the array in groups consisting of females, males, and young animals. However, only adult animals ͑probably both females and males͒ approached the array close enough to be observed on the video camera ͑about 5 m͒. Females and their young calves never approached the array.
Only 64 on-axis clicks giving 192 angles from eight different sequences ͑four from 2002 and four from 2003͒ fulfilled all our criteria for being on-axis clicks ͑Table I, set A͒. These clicks were chosen from recordings containing over 1700 different sequences each with from 20 to 500 clicks giving a total of more than 100 000 clicks. For the on-axis clicks, the centroid frequency was 94Ϯ5 ͑SD͒ kHz on the center hydrophone and 73Ϯ22 kHz on the peripheral hydrophones. A track of a dolphin swimming towards the array, derived from consecutive acoustic locations in a series of clicks, is shown in Fig. 3 . The differences in the apparent source levels ͑p-p͒ between the center and outer hydrophones for each click were calculated along with the corresponding angles. These data were distributed into bins of five degrees: 0°-5°, 6°-10°, 11°-15°, 16°-20°, 21°-25°, and 26°-30°, due to a low sample size at larger angles, bins of The acoustic track of the dolphins, calculated from an acoustic location on a series of clicks, shows the dolphin swimming toward the array. 4
Centroid frequency on the center hydrophone is above 85 kHz. 5
The vertical and horizontal angle between the dolphin and center hydrophone is within 35°͑ideally it should be 0°͒ 6
The dolphin must be at least 1 m from the array to avoid near field effects ͑Au, 1993͒.
10°were used for 31°-40°and for 41°-50°. These bins were chosen to facilitate a comparison with beam patterns from the studies of captive animals. For example, Au ͑1987͒ used the angles 0°, Ϯ5°, Ϯ10°, and Ϯ20°in the horizontal plane and Ϫ10°, 0°, 5°, 10°, 15°, 20°, and 30°in the vertical plane when measuring the beam pattern of the beluga. In this study we used eight angular bins and the average angle in each bin was derived. These angles were 4°Ϯ3°͑SD͒ (nϭ24), 10°Ϯ 12°(nϭ10), 15°Ϯ4°(nϭ8), 20°Ϯ6°(nϭ47), 25°Ϯ6°( nϭ69), 31°Ϯ6°(nϭ16), 41°Ϯ7°(nϭ8), and 50°Ϯ8°( nϭ10), and the result is shown in Fig. 4 , set A. The average difference in source levels were then plotted with standard error bars for each angular bin ͑Fig. 4͒. We found the 3 dB beamwidth to be 8°and the 10 dB beamwidth to be 10°.
To illustrate the importance of the choice of on-axis criteria we compared the derived results for sets A and B. Set A, used above, uses all the criteria in Table I . Set B is less conservative and uses criteria 1, 2, and 6 in Table I . Set B rendered 267 clicks, giving 801 angles and apparent source levels. These were grouped into angular bins like for data in set A, giving average angles of 4°Ϯ3°(nϭ228), 9°Ϯ7°(n ϭ96), 14°Ϯ6°(nϭ96), 20°Ϯ8°(nϭ96), 24°Ϯ6°(n ϭ133), 31°Ϯ6°(nϭ25), 35°Ϯ6°(nϭ16), and 44°Ϯ6°( nϭ34). Figure 4 shows a comparison between the beam patterns of clicks satisfying criteria sets A and B. The 3 dB beamwidth was 8°for criteria sets A and B, but the 10 dB beam width was 18°for clicks selected by criteria set B and broader than that calculated using the stricter set of criteria A.
We used underwater video recordings to judge the orientation of the dolphins during acoustical recordings. Interestingly, we found criterion 2 in Table I ͑the observations through the video camera͒ to be of little value. Often when the dolphin seemed to look into the video camera, the source level was not highest on the center hydrophone, and these sequences were therefore not used in the analyses.
For the 64 on-axis clicks satisfying all six criteria in Table I the source level at each peripheral hydrophone relative to the source level of the central hydrophone was plotted against the off-axis angles. We calculated the directivity index from the interpolated beam pattern ͑Fig. 5͒ using the formula in Møhl et al. ͑2003͒ after Urick ͑1983͒. The calculation assumes a symmetrical beam around 0°and used an angular step of 1°in the interpolation. The directivity index was 18 dB when using all the measured data for on-axis clicks ͑from 0°to 50°in Fig. 4͒ .
IV. DISCUSSION
Our study is the first description of an estimated transmission beam pattern measured from free-ranging dolphins. The only other study known to us estimating a beam pattern in a free-ranging odontocete is that of Møhl et al. ͑2003͒ for the sperm whale. Just as in Møhl et al. ͑2003͒ , our data are also prone to errors for several reasons. First, the source level FIG. 3. An example of an acoustic track of a dolphin swimming towards the hydrophone array. The receivers of the array are indicated as circles and the diamonds mark the location of each click made by the dolphin in the whole sequence. The track starts at the location farthest away from the array. The sequence is plotted as seen from the side and from above. The six clicks closest to the array in this sequence fulfilled all our criteria for on-axis clicks ͑Table I͒.
FIG. 4.
A polar plot of the beam-pattern of white-beaked dolphin clicks. dB values in the polar plots are differences in source levels ͑p-p measurements͒ between the center hydrophone at 0°͑on-axis͒ and a peripheral hydrophone for the respective angles out to 50°ϮS.E. ͑see Sec. III͒. Criteria set A ͑see Table I͒ gave 64 on-axis clicks and 192 angles ͑black dots͒. Criteria set B gave 267 clicks and 801 angles ͑white dots͒. The inclusion of some off-axis clicks for criterion set B may explain the difference between the two curves beyond 5°. The 3 and 10 dB beamwidths were found to be 8°and 10°, respectively ͑for set A͒. Fig. 4 , criterion set A͒ of white-beaked dolphin clicks ͑black solid line͒ and the piston model using a radius of 4 cm ͑gray dashed line͒ and 6 cm ͑gray solid line͒ excited with a presumed on-axis white-beaked dolphin click. The deviation of the interpolated beam pattern and the model beyond about 10°probably results from slightly off-axis clicks satisfying even our most conservative criteria set ͑A͒ in Table I . The directivity index of the whole interpolated beam pattern is 18 dB while that of the central part of the interpolated beam patterns ͑from 0°to 12°͒, which closely matches the pattern for the 6 cm piston model, is 29 dB. ͑See also Fig. 4 .͒ calculations assume that the range to the animal is known. With the acoustic location system used here, the range error at ten meters ͑which approximately corresponds to the maximum distance at which dolphins can be observed through the under water video camera͒ was 0.5 m for the 1 m array and 1 m for the 0.5 m array ͑Fig. 2͒. This gives a maximum error of only 1 dB in source levels corrected for transmission loss. Second, the axis of the acoustic beam may be oriented differently from the swimming direction of the animal ͑Fig. 3͒ as noted by Au ͑1993͒ and Au et al. ͑1999͒. Third, determining which clicks are recorded on-axis and which are not is a very difficult problem. Fourth, we assume the beam to be cylindrical, which is approximately the case for ͑captive͒ bottlenose dolphins ͑Au, 1993͒ and the harbor porpoise ͑Au et al., 1999͒. Fifth, the beam pattern will vary with the size of the sound producing organ, and therefore with the size of the animal. As we believe that all recorded dolphins in this study were approximately of equivalent size ͑grown individuals, body length approximately 2.5-3 m; Rasmussen, 1999͒, the size problem is probably a less important one. Finally, we assume that all clicks have the same beamwidth. This may not be true, as the beamwidth is expected to vary with the frequency emphasis of the clicks, a parameter known to vary with the emitted source level in odontocetes ͑Au, 1993͒.
Despite these problems, some interesting observations can be made from the derived beam pattern of white-beaked dolphins. The 3 dB beamwidth of white-beaked dolphins is measured to be 8°, and the 10 dB beam width to be 10°. In bottlenose dolphins the 3 dB beam width is 8°-10°and the 10 dB beam width is 21°-23°in the vertical and horizontal planes, respectively ͑Au, 1993͒. This indicates that whitebeaked dolphins have a narrower beam than that reported for bottlenose dolphins. The transmitted beam of white-beaked dolphins is more similar to that of the beluga, where a 3 dB beam width of 6.5°and a 10 dB beamwidth of 13.5°were found ͑Au et al., 1987͒. The directivity index of the sound beam of white-beaked dolphins is 18 dB when using all our data ͑see Fig. 5͒ , whereas that of bottlenose dolphins is 26 dB. The difference is caused by the large side lobes measured in the beam pattern of white-beaked dolphin clicks ͑Fig. 4͒. These side lobes are probably not a feature of the transmission beam pattern, but instead they may represent an artifact in the choice of on-axis clicks ͑see above͒. A beam of only 8°is very narrow and off-axis clicks may have entered our analysis, in spite of the six criteria ͑Table I͒ used for rejecting off-axis clicks.
The sound production in odontocetes can be modeled as a circular piston in a baffle excited by a dolphin click ͑Au, 1993͒. This piston model used a radius of 4 cm and a click of a bottlenose dolphin and gave a beam pattern similar to the one measured with a directivity index of 26 dB. A piston radius of 8.9 cm gave a beam pattern similar to that measured from a beluga and a directivity index of 32.1 dB ͑Au, 1993͒. We used the piston model excited with a whitebeaked dolphin click. Pistons with radii of 4 and 6 cm were chosen because these gave the best fit with the main beam of our data ͑Fig. 5͒. For the piston model, the relative intensity at angles larger than 90°was assumed to be constant. The beam pattern of the 6 cm piston model has a 3 dB beam width of 8°and a 10 dB beamwidth of 12°͑Fig. 5͒, which is comparable to the actual measurements of the main lobe of white-beaked dolphin clicks ͑Fig. 4͒. The directivity index of the 6 cm piston model was 29 dB, or 3 dB higher than that for the bottlenose dolphin.
Au et al. ͑1999͒ made a comparison between the measured head diameter of the animals and the directivity index. They found a good correlation between the directivity index and the diameter of the head divided by the peak frequency used by the animal. The directivity index is proportional to the size of the transducer; being greater for a large radiator and vice versa. Conversely, the beam width is inversely proportion to the size of a transducer ͑Urick, 1983 in Au et al., 1999͒ . The white-beaked dolphin is similar in size ͑also head size͒ to the bottlenose dolphin and smaller than the belugas. The white-beaked dolphin has similar peak frequency as the bottlenose dolphin and almost the same as the beluga ͑Au, 1993͒. According to the previous argument we would have expected the beam width of the white-beaked dolphin to be more like that of the bottlenose dolphin rather than the beluga. Of course the beam width is not only correlated to the head size, but more likely to the size of the sound producing organ, the phonic lips, also called monkey lips/dorsal bursas complex ͑Cranford et al., 1996 , and presumably also to the acoustic properties of the melon.
We measured large side lobes at angles above 20°when using all our data that satisfied all the criteria in Table I . According to the piston model we would expect the first side lobe at 25°and at Ϫ8 dB relative to 0°͑Fig. 6.16 in Au, 1993͒ . However, our data show Ϫ14 dB at 25°and Ϫ11 dB at 50°͑Fig. 4͒. The large angles in our data are derived from dolphins close to the array. It is conceivable that even with our very conservative criteria these clicks are not exactly on-axis with the center hydrophone, and therefore we do not measure the main beam. If off-axis clicks were included in the data, this would broaden the beam as shown in Fig. 4 for the less conservative on-axis criteria ͑B͒. We made a simple calculation for illustrating the difficulties of getting on-axis recordings at the center hydrophone at close range. For instance, when the dolphin is 1 m from the array and the main beam of the click is 8°, the circular area will have a diameter of only 14 cm, assuming that the sound beam is cylindrical and symmetrical. With the receivers separated by 50 cm, the dolphin can easily direct its beam between two hydrophones. We may still get the highest source level on the center hydrophone without recording the main beam. When the receivers are 1 m apart, it is even more likely that the dolphin can project the sound beam between the receivers. When the dolphin is 5.7 m away from the 0.5 m array, the 8°beam will ensonify the whole array with highest source levels on the center hydrophone and Ϫ3 dB at the outer hydrophones for an on-axis click.
Our measurements indicate that the transmission beam width of white-beaked dolphins is narrower than that for bottlenose dolphins and harbor porpoises and is more similar to the one of belugas. The high centroid frequency of the clicks ͑Fig. 1͒ may be the main contributor to the narrow beam. A narrow transmission beam may also be accompa-nied by a narrow receiving beam, and such an arrangement would improve the performance of the dolphin biosonar under noise-limiting conditions ͑Au, 1993͒. A narrow transmission beam may be very useful during prey capture. Whitebeaked dolphins feed mainly on sand eels ͑Ammodytes sp.͒ in Faxaflói Bay ͑Rasmussen and Miller, 2002͒. Underwater video footage of feeding white-beaked dolphins ͑Husavik, Whale Museum͒ shows that white-beaked dolphins herd schools of fish and individual dolphins swim into the school to capture one fish at a time. In order to catch just one sand eel out of a whole school, and to determine its swimming direction, it is an advantage to use a narrow beam to single out the target prey.
